Localized surface plasmon resonance (LSPR) can be supported by metallic nanoparticles and engineered nanostructures. An understanding of the spatially resolved near-field properties and dynamics of LSPR is important, but remains experimentally challenging. We report experimental studies toward this aim using photoemission electron microscopy (PEEM) with high spatial resolution of sub-10 nm. Various engineered gold nanostructure arrays (such as rods, nanodisk-like particles and dimers) are investigated via PEEM using near-infrared (NIR) femtosecond laser pulses as the excitation source. When the LSPR wavelengths overlap the spectrum of the femtosecond pulses, the LSPR is efficiently excited and promotes multiphoton photoemission, which is correlated with the local intensity of the metallic nanoparticles in the near field. Thus, the local field distribution of the LSPR on different Au nanostructures can be directly explored and discussed using the PEEM images. In addition, the dynamics of the LSPR is studied by combining interferometric time-resolved pump-probe technique and PEEM. Detailed information on the oscillation and dephasing of the LSPR field can be obtained. The results identify PEEM as a powerful tool for accessing the near-field mapping and dynamic properties of plasmonic nanostructures. Keywords: femtosecond laser; local field enhancement; near-field imaging; photoemission electron microscopy; surface plasmon resonance INTRODUCTION Because of the rapid development of nanofabrication techniques, metallic nanostructures that can exhibit localized surface plasmon resonance (LSPR) can be fabricated using several methods. The resonance frequency and amplitude of LSPR on metallic nanostructures are known to depend on the metal materials, shapes, and surrounding media. [1] [2] [3] [4] In addition, the LSPR can confine optical fields in nanoscale space, leading to the so-called local field enhancement effect. These unique properties promote the application of LSPR in many fields, such as surface-enhanced Raman scattering, 5-8 sensing, 1,9,10 plasmonassisted photochemical reactions 4, 11, 12 and photocurrent generation. [13] [14] [15] To further understand the LSPR mechanism and to optimize the design of the plasmonic nanostructures for most applications, the near-field properties of the LSPR fields (especially the near-field distribution of the plasmonic nanostructures) must be determined. To date, investigations of the optical properties of LSPR have largely relied on far-field spectroscopic techniques or numerical simulations. Several experimental approaches have been utilized to visualize the near field, including scanning photoionization microscopy, 16,17 scanning near-field optical microscopy, 18-21 nonlinear luminescence or fluorescent microscopy, 22,23 nonlinear photopolymerization 24,25 and near-field ablation of a substrate. [26] [27] [28] [29] However, these approaches have
INTRODUCTION
Because of the rapid development of nanofabrication techniques, metallic nanostructures that can exhibit localized surface plasmon resonance (LSPR) can be fabricated using several methods. The resonance frequency and amplitude of LSPR on metallic nanostructures are known to depend on the metal materials, shapes, and surrounding media. [1] [2] [3] [4] In addition, the LSPR can confine optical fields in nanoscale space, leading to the so-called local field enhancement effect. These unique properties promote the application of LSPR in many fields, such as surface-enhanced Raman scattering, [5] [6] [7] [8] sensing, 1,9,10 plasmonassisted photochemical reactions 4, 11, 12 and photocurrent generation. [13] [14] [15] To further understand the LSPR mechanism and to optimize the design of the plasmonic nanostructures for most applications, the near-field properties of the LSPR fields (especially the near-field distribution of the plasmonic nanostructures) must be determined. To date, investigations of the optical properties of LSPR have largely relied on far-field spectroscopic techniques or numerical simulations. Several experimental approaches have been utilized to visualize the near field, including scanning photoionization microscopy, 16, 17 scanning near-field optical microscopy, [18] [19] [20] [21] nonlinear luminescence or fluorescent microscopy, 22, 23 nonlinear photopolymerization 24, 25 and near-field ablation of a substrate. [26] [27] [28] [29] However, these approaches have practical limitations; specifically, both scanning photoionization microscopy and scanning near-field optical microscopy require a scanning process to acquire a near-field image, and their spatial resolution barely reaches the sub-50-nm level. Only a limited study has demonstrated sub-10 nm resolution in imaging metal nanogaps using a scattering-type scanning near-field optical microscopy. 21 Nonlinear fluorescence microscopy and photopolymerization require special treatment of the investigated samples; the metallic nanostructures must be coated with a layer of dye material or photopolymers. This additional layer also alters the properties of the LSPR. The near-field ablation technique imposes permanent damage onto the samples. Therefore, directly imaging the near fields of plasmonic nanostructures with high spatial resolution remains an experimental challenge. Understanding the dynamic properties of the LSPR is also highly desired, but rarely realized experimentally.
The recent development of multiphoton photoemission electron microscopy (MP-PEEM) has resulted in a novel approach to directly visualize the near-field of LSPR supported on metallic nanostructures. [30] [31] [32] [33] [34] [35] Photoemission electron microscopy records the electrons emitted from a sample in response to the absorption of incident photons. Conventional PEEM uses ultraviolet (UV) light or X-ray radiation as the excitation source and has been demonstrated as a powerful imaging and characterization tool in the fields of surface physics/chemistry, material growth and magnetic materials. 36, 37 In contrast to scanning electron microscopy, PEEM can directly image surface areas emitting photoelectrons in real time without scanning. MP-PEEM is based on the multiphoton photoemission from a species excited by ultrashort (picosecond or femtosecond) laser pulses. The probability of multiphoton excitation is typically low; however, LSPRassisted local field enhancement can promote the multiphoton excitation of metallic nanostructures and render MP-PEEM suitable for direct imaging of the near-field LSPR. The combination of MP-PEEM with pump-probe techniques, namely, time-resolved MP-PEEM (TR-MP-PEEM), 32, 38, 39 was established to investigate the dynamics of LSPR and the propagating surface plasmon polariton. Two-photon PEEM investigations have typically been performed on Ag nanostructures excited by near-ultraviolet femtosecond laser pulses (,400 nm, double frequency of a Ti:sapphire laser). [30] [31] [32] The LSPR of the Au nanoparticles lies in visible region (,510 nm) and near-infrared (NIR) region so that it cannot be excited by near-ultraviolet light. For example, the LSPR wavelength of the Au nanostructures studied in this paper is in the range of 700-900 nm, which is far from the double frequency of Ti:sapphire laser pulses. Therefore, the fundamental frequency of Ti:sapphire femtosecond laser pulses should be more suitable for exciting such LSPR modes. However, only few reports have described investigations of the LSPR using MP-PEEM with femtosecond pulses from an 800-nm excitation source, [33] [34] [35] likely because of the difficulty in achieving higher nonlinear photoemission. Furthermore, no reports have yet described the direct observation of the dynamics of LSPR on Au nanoparticles using TR-MP-PEEM at this wavelength.
In this study, we established an MP-PEEM system using NIR ultrashort femtosecond laser pulses as the excitation source. We used the system to directly image the near field of LSPR on various Au nanoparticle arrays. The wide bandwidth (ranging from 650-1050 nm) of the laser pulses allowed excitation of the LSPR over a wide spectral region under resonance or near-resonance conditions. The near-field mapping and the local field enhancement sites can be precisely obtained because of the high spatial resolution of PEEM (,8 nm), which enable us to visualize polarization distribution in a metal nanostructure or an aggregate of nanostructures. It is worth mentioning that in the most case of plasmon imaging by PEEM, the spatial resolution has been limited to ,50 nm. 30, 32, 33, 35, 38 The ultrashort pulse duration (7 fs) makes this light source suitable for time-resolved studies. We also combined MP-PEEM with an interferometric time-resolved photoemission technique to establish a TR-MP-PEEM system to investigate the dynamics of the LSPR. This paper is organized as follows. First, we report the near-field mapping of three different Au nanoparticle arrays via MP-PEEM. For complicated structures in particular (using dimers as an example), the local field enhancement sites can be directly visualized by simultaneous irradiation with NIR femtosecond pulses and UV light. Second, we present dynamics studies of the LSPR via TR-MP-PEEM. The oscillation and dephasing of the LSPR fields in the NIR region on the Au nanoparticles were observed using this time-resolved technique for the first time. In particular, we demonstrated the ability of the TR-MP-PEEM technique to resolve two different LSPR frequencies.
MATERIALS AND METHODS
To fabricate the gold nanoparticle arrays, we applied electron-beam lithography followed by metal sputtering and lift-off techniques. The fabrication procedure used in this study was similar to the process described in our earlier reports. 22, 25 Patterns of Au nanostructures were formed on Nb-doped TiO 2 (110) substrates that were designed using a high-resolution electron-beam lithography system (ELS-F125; Elionix, Tokyo, Japan) operating at 125 kV. A conventional copolymer resist (ZEP520A; Zeon Chemicals, Louisville, USA) diluted with a ZEP thinner (1 : 1) was spin-coated onto the substrate at 1000 r.p.m. for 10 s and 4000 r.p.m. for 90 s, and it was then prebaked on a hot plate for 2 min at 150 6 C. The electron-beam lithography operated at an electrical current of 3 nA. After development, a 2-nm-thick titanium layer was first deposited via sputtering (MPS-4000; ULVAC, Tokyo, Japan) as the adhesive layer, followed by a 40-nm-thick gold film. The lift-off was performed by successively immersing the sample in anisole, acetone and ultrapure water in an ultrasonic bath. Four differently shaped Au nanoparticle arrays were utilized in this study, namely, nanorods (rectangular), nanodisk-like particles (round), dimers and nanoblocks (square), and were arranged in two-dimensional arrays on the substrates. Field-emission scanning electron microscopy (JSM-6700FT; JEOL, Tokyo, Japan) and Fourier transform infrared (FTIR) spectroscopy (FT/IR-6000TM-M; JASCO, Tokyo, Japan) were used to characterize the morphologies and far-field spectral properties of the Au nanostructures, respectively.
The photoemission electron microscope used in this study was a PEEM with an energy analyzer (Elmitec GmbH, Clausthal-Zellerfeld, Germany) with a spatial resolution of over 8 nm. As an excitation source, we used either a mercury lamp (unpolarized continuous wave light with a cutoff energy of 4.9 eV) or a mode-locked Ti:sapphire oscillator (Rainbow; Femtolasers, Vienna, Austria) that delivered a 7-fs laser pulse at a central wavelength of 800 nm with a .200-nm bandwidth at a repetition rate of 77 MHz. The sample was irradiated at an angle of 74 6 . The femtosecond laser beam was focused down to a spot of approximately 50 mm3200 mm on the sample using a lens (focal length f5150 mm). Chirp mirror pairs and a wedge pair were used to compensate for the dispersion to obtain the shortest pulse duration inside the PEEM chamber. The polarization of the laser beam was controlled by a l/2 waveplate, and a p-polarized beam was used in this study. The interferometric time-resolved setup was based on a Mach-Zehnder interferometer. Typically, time-resolved PEEM images can be recorded by adjusting the delay time at a step corresponding to a p/2 phase delay (for a carrier wavelength of 800 nm, is 0.67 fs).
RESULTS AND DISCUSSION
The first sample was an Au nanorod array with a footprint of 95 nm3180 nm and a thickness of 40 nm. Figure 1a is an SEM image of the fabricated Au nanorods exhibiting good structural quality and uniformity. The experimental configuration of light irradiation is schematically shown in Figure 1b ; either the continuous UV light (from a mercury lamp) or the femtosecond laser pulse was irradiated onto the sample from the left side of Figure 1c and 1d at an incidence angle of 74 6 from the surface normal. In the case of the excitation by femtosecond laser pulses, the p-polarized beam was used. The PEEM images of the same array excited via UV light (from a mercury lamp) and the femtosecond laser beam are provided in Figure 1c and 1d, respectively, and demonstrate a striking difference. Specifically, the uniform photoemission from the Au nanorods can be observed in Figure 1c ; however, the photoemission is highly localized at the corners of Au nanorods in Figure 1d .
The typical work function for gold is 4.6-5.1 eV depending on the crystal facet, 40 and the work function of TiO 2 (110) is ,5.2 eV. 41 Because the cutoff photon energy of a mercury lamp is 4.9 eV, the Au surface can photoemit, while the TiO 2 substrate cannot, leading to
Near-field imaging of surface plasmon resonance Q Sun et al 2 the image contrast in Figure 1c that results from the difference in the work function. For the femtosecond laser pulses, a one-photon energy is insufficient to overcome the work function and emit electrons. However, the Au nanorods can support two LSPR modes: one is a longitudinal plasmon mode (L-mode) with the polarization parallel to the long axes of the nanorods, and the other is transverse plasmon mode (T-mode) with the polarization parallel to the short axes of the nanorods. The T-mode of this Au nanorod sample is centered at 740 nm, which overlaps with the laser spectrum as shown in Figure 2a . When the sample is irradiated with p-polarized laser pulses, the T-mode LSPR can be effectively excited. Accordingly, local field enhancement (hot spots) should be expected. The large enhancement of the local field allows multiphoton photoemission. For a resonance wavelength of 740 nm (1.70 eV), at least three photons are required to induce photoemission, as demonstrated by the laser power-dependent investigation from which a log-log plot of the photoemission vs. the laser power yields a slope of 3.10 (not shown, but a similar example is provided in Figure 3d) . Because of the nature of this nonlinear photoemission, the photoemission yield depends on the local electric field intensity to the power of 2n (generally, n is the minimum number of photons required to overcome the work function; in this example, n is 3). The MP-PEEM image in Figure 1d can thus be regarded as the nonlinear mapping of the local field on the gold nanorods, which experimentally confirmed that the near-field intensity is highly localized at particular so-called hot spots.
It is worth noting that the special resolution of particular PEEM images is dependent on many factors, such as the topography of the sample, the light source, the field of view and so on. 42 In this study, the plasmonic hot spots excited by femtosecond laser pulses are usually located at the corners or edges of the nanostructures. The photoemission from the corners or edges exhibits a large span of the emission angle, which increases the spherical aberration in the imaging column and thus, degrades the spatial resolution a little bit. In addition, the space charge effect may also degrade the spatial resolution. 43 We tested the real spatial resolution from Figure 1d . It was measured to be 15.0 (63.7) nm, which was slightly lower than the best spatial resolution (,8 nm) of our PEEM. An example of a cross section in one of the hot spots in Figure 1d can be found in Supplementary Figure S1 ), which yields a spatial resolution of 14.4 nm.
To numerically calculate the electromagnetic field distribution around the Au nanorods, we performed finite-difference time-domain (FDTD) simulations (using the FDTD solutions software package from Lumerical, Inc., Vancouver, Canada). In the simulations, the dimensions of nanorods were chosen as the same as the fabricated structures (95 nm3180 nm340 nm), and the plane wave was incident onto the structures at an incidence angle of 74 6 , which is identical to the PEEM experiments. The optical properties of the gold were obtained using the data from Johnson and Christy. 44 The TiO 2 substrate was assumed to behave as a dielectric with a constant value for the refractive index (n52.6). The FDTD simulations were performed on a discrete, non-uniformly spaced mesh with a maximum resolution of 2 nm. Figure 2b and 2c present the electric field intensity distribution at a wavelength of 800 nm, which is the central wavelength of the laser source and within the T-mode resonance range, on the planes located at the top and bottom of the Au nanorods, respectively. For both planes, the calculations of the field intensity distribution are in good agreement with the experimental results obtained from the PEEM measurements with the resonant femtosecond laser pulse excitation. The peak enhancement on the bottom plane was much greater than that on the top plane, as predicted by the simulations. However, validating this result using the PEEM measurements is difficult because the photoemissions from different vertical positions are difficult to distinguish. For most nanorods, the hot spots at the right corners of the rods are brighter than those at the left corners. This phenomenon was also well reproduced by the simulations and is attributed to the retardation effect 33 because the light was irradiated from the left side at a grazing angle. So far, the highly spatially resolved near-field mapping of the LSPR field on the Au nanorods was successfully obtained with the PEEM measurements using femtosecond laser pulse irradiation through nonlinear photoemission.
As previously mentioned, the wavelength and amplitude of the LSPR depend on the shape of the nanostructures. We annealed another Au nanorod array at 800 6 C in a vacuum. The nanorods transformed into nearly round shape with an average diameter of 135 nm as seen from the top view of scanning electron microscopy (SEM) image (Figure 3a) . The real shape of the annealed nanoparticles is found to be nanodisk-like shape by the side view of SEM image (shown as Supplementary Figure S2) . The L-mode and T-mode LSPR of the nanorods merged into a single mode centered at 800 nm (Figure 3b) , which completely overlapped with the femtosecond laser spectrum. Thus, the LSPR can be efficiently excited. Figure 3c provides the PEEM image resulting from the irradiation of the sample using ppolarized femtosecond laser pulses. Two hot spots per nanodisk-like particle reside at the two poles along the projected polarization direction on the substrate's surface plane. It is a nature of the dipolar plasmon resonance with the electrons oscillation between the two poles. In this case, the log-log plot of the photoemission yield versus the laser power has a slope of 3.75, indicating that a four-photon process is primarily involved. The nonlinear order is increased compared to the Au nanorod sample investigated above. It is mostly because the LSPR peak within the laser spectra red shifts from 740 nm to 800 nm (photon energy at the resonance wavelength becomes lower). In addition, the annealing process may increase the work function of Au. Regarding the mechanism of the nonlinear photoemission, it is also worth noting that field emission is possible as argued in a recent report. 45 The field emission occurs at the lowfrequency/high-intensity limit of the electric field induced by the electron ejection and is thus referred to as a tunneling emission. The laser intensity used in this study was typically on the order of 10 MW cm 22 . Considering the LSPR-induced intensity enhancement factor in the range of 10-1000, the maximum local intensity was only on the order of 10 GW cm 22 . Such NIR radiation intensity is not strong enough to trigger field emission. When a large enhancement factor (for example, sharp metal nanotips 46, 47 or small gaps in closely assembled nanostructures 25, 48, 49 ) is present, it may enter the field emission region. For the laser intensity typically used in PEEM measurements, both multiphoton photoemission and field emission should be promoted by the local field enhancement effect. Therefore, regardless of the nonlinear photoemission mechanism involved, PEEM is suitable for the near-field mapping of plasmonic nanostructures.
We also examined near-field Au dimer arrays using MP-PEEM. The dimer structures attracted particular interest 25, 49, 50 because of the extremely strong enhancement of the electromagnetic field at the nanogap position. Each dimer consists of two diagonally aligned gold nanoblocks with dimensions of approximately 100 nm3100 nm3 40 nm and a gap size of 30 nm (an SEM image of a typical dimer can be seen in the inset of Figure 4a ). Figure 4a presents the PEEM image resulting from irradiation with femtosecond laser pulses. Two hot spots (one is strong, and the other one is weak) are visible for each dimer, but determining the origin of these hot spots is difficult. To ascertain the positions of the hot spots, the MP-PEEM image normally must be compared with a one-photon PEEM image or an SEM image separately as was done in Figure 1 . We demonstrate a simpler and more straightforward method for achieving this goal. Because several ports exist in the main chamber of the photoemission electron microscope, we installed an additional window in one port to allow irradiation from the mercury lamp rather than using the original window designated for the femtosecond laser pulses. Thus, we were able to simultaneously irradiate the sample with UV light and a femtosecond laser. The UV radiation lights up the entire gold dimers through onephoton photoemission, while the multiphoton photoemission yields the localized hot spots. By carefully choosing the light intensities of both irradiation sources, the photoemission from the two different sources can be distinguished. Figure 4b provides such a PEEM image in which the sample is simultaneously excited by UV light and Near-field imaging of surface plasmon resonance Q Sun et al 4 femtosecond laser pulses. The photoemission can be seen across the gold dimers, and the strong hot spot is found at the gap positions. Thus, the strong hot spot from each dimer in Figure 4a should result from the gap position. The weak hot spot of each dimer in Figure 4a is difficult to identify in Figure 4b because their intensity is comparable to or even weaker than that from the one-photon photoemission via UV light. However, we can infer that these hot spots result from the right corners of the right nanoblocks. This finding is consistent with the previous investigations of dimer structures. 21, 25 The nearly complete lack of photoemission from the left corners of the dimers should also result from the retardation effect.
We have demonstrated the application of MP-PEEM for the direct imaging of a near-field LSPR on different Au nanostructure arrays. To investigate the dynamics of the LSPR, we established a TR-MP-PEEM system, which is similar to that used by Petek et al. 32, 38 However, in our experiments, the fundamental beam from the Ti:sapphire femtosecond laser was used instead of its double-frequency beam. As previously stated, the NIR femtosecond pulses are more suitable as the excitation source for studying the LSPR of Au nanostructures. The femtosecond laser pulses pass through a Mach-Zehnder interferometer to form phase-correlated pump-and-probe optical pulse pairs. A series of MP-PEEM images were recorded at a frame interval of 0.67 fs (p/2 rad with respect to the 800 nm carrier wave of the laser pulse) by adjusting the delay between the pump and probe pulses.
Movies showing the oscillation of the hot spots induced by the LSPR can be made using these frames (an example of a movie recorded for the annealed nanoparticle sample in Figure 3 is provided in Supplementary Movie 01).
Figure 5a presents several images in which the oscillation of SPR fields on Au nanorods can be observed. The evolution of the integrated photoemission signal with the phase delay or delay time is plotted in Figure 5b . In the early stage, the oscillation of the SPR is nearly dominated by the interference of the pump and probe pulses such that it resonates at the laser carrier frequency. When the delay is longer than 15 fs, the pump and probe pulses are separate. The coherent LSPR fields excited by the pump pulses can preserve the memory of the optical phase of the excitation pulses; thus, the two LSPR fields induced by the pump and probe pulses can interfere with each other and dominate the oscillation of the hot spots. However, the total photoemission yield decays because of a dephasing of the LSPR field, and the oscillation frequency begins to differ from the carrier frequency. In this region, the LSPR field resonance is at its characteristic frequency and oscillates more rapidly, as shown in the insets of Figure 5b , because the LSPR wavelength is approximately 740 nm, which is shorter than the carrier wavelength of the excitation pulsed light (800 nm). At delay times longer than 60 fs, almost no oscillation remains because the coherent SP modes have been completely dephased and only weak photoemission signals are induced by the pump and probe beams independently. We should be able to fit out the dephasing time of the LSPR similar to the way in which it was performed in the time-resolved two-photon photoemission from silver nanostructures. 32 However, performing such a fit is currently difficult because of the problems with real characterizations of the laser pulse incident on the sample in the PEEM chamber and an incomplete understanding of the detailed mechanism of the nonlinear photoemission involved.
To implement the ability of TR-MP-PEEM in imaging the time evolution of the LSPR fields, we prepared a new sample, which consisted of two Au nanoblock arrays of different sizes. The geometry of the two arrays is shown in the inset of Figure 6a . The two Au nanoblock arrays exhibit different LSPR wavelengths. As shown in Figure 6a , which provides reflection spectra with the reflectivity of the bare substrate as a reference, the LSPR is centered at 770 and 830 nm for array 1 and array 2, respectively. Figure 6b provides the time evolution of the photoemission from both arrays. When the phase delay between the pump and probe beams is less than 332p rad, the photoemission yield from both arrays oscillates at the carrier frequency of the laser. However, with a phase delay longer than 332p rad, the hot spots from array 1 begin to oscillate faster than the carrier frequency of the laser and the hot spots from array 2 oscillate slower than the carrier frequency, as clearly presented in the inset of Figure 6b . This result is due to the hot spot resonance at the characteristic LSPR wavelength for each array as previously discussed. A movie recording the out-of-phase oscillation for the hotspots from these two arrays can be found in Supplementary Movie 02. This result indicates that a small difference in the intrinsic SPR frequencies can be identified via TR-MP-PEEM.
CONCLUSIONS
In this work, MP-PEEM was employed to investigate the near-field properties of the LSPR on Au nanoparticles, including its near-field distribution and the dynamics excited by ultrashort laser pulses in the NIR region. For three arrays of Au nanoparticles with different shapes (nanorods, nanodisk-like particles and dimers), the near-field mapping is directly obtained as the distribution of the hot spots in the MP-PEEM images. In particular, the location of the hot spots can be determined in a precise and straightforward manner by simultaneous excitation with UV light and NIR femtosecond pulses. The ultrafast dynamics of the LSPR were also probed at femtosecond temporal and Near-field imaging of surface plasmon resonance Q Sun et al 6 nanometer spatial resolution. To our knowledge, this paper is the first to report a time-resolved study of the LSPR of Au nanoparticles via PEEM that intuitively demonstrates the oscillation and dephasing of an LSPR field in the NIR region. This study will aid in elucidation of the mechanism of LSPR, including the confinement effect and the decay channels, and provides an approach for optimizing the design of plasmonic-based devices for many unique applications. 
